Perovskite solar cells have shown an exceptionally fast increase in performance. So far, most high performing devices comprise expensive hole transport material (HTM) which are synthesized using tedious synthetic procedures, resulting in a high cost and thereby limit the potential use in large-scale applications. In a quest to find low-cost chemistry to link the building blocks, in this work we explore hydrazone-based small molecules. These materials can be synthesized in a simple condensation reaction, with water being the only side product leading to a low material cost of less than 10 $/g. When used as hole transporting layers in perovskite solar cells, highly reproducible performance was obtained, similar to state-of-the-art materials, with the main difference being a small open-circuit voltage loss due to increased interfacial recombination. Thus, we show that hydrazone-based materials have the potential to compete in performance with materials obtained via cross-coupling reactions at a fraction of their cost.
Introduction
Perovskite based solar cells are attracting great interest, motivated by the potential to prepare low-cost photovoltaics with excellent performance and the possibility to be flexible and lightweight. However, high quality hole transporting materials (HTMs) leading to record efficiencies are generally synthesized in palladium cross-coupling reactions that require stringent reactions. [1] [2] [3] [4] [5] [6] These chemistries suffer from side reactions and traces of the metal catalyst will stay behind, extensive product purification is required. As a result of the tedious synthesis and workup, not only the cost of these materials is generally high, but it also limits the scalability and impacts the environment as was pointed out by several researchers. 1, [7] [8] [9] [10] Recent research mainly focussed on reducing the cost of HTMs by decreasing the amount of synthetic steps. [11] [12] [13] In addition to that, we also focused on drastically reducing the synthetic complexity, cost of materials and the environmental impact of organic HTMs, by moving away from transition metal based cross-coupling reactions. 8, 9, 14 Instead, condensation chemistry has been explored, offering an interesting alternative as we showed in our previous work, where we introduced azomethine-based (-CH=N-) HTMs, which were synthesized in a Schiff-base condensation reaction and purified in a simple washing step while the synthesis itself was performed without chlorinated solvents. 8, 15, 16 The simple chemistry and product workup resulted in an estimated material costs of $10 per gram. 8 More recent work showed that the cost can be even further reduced to $4 per gram by varying the core of the small-molecule HTMs, while these materials have good moisture barrier properties. 9 Daskeviciene et al. explored condensation chemistry by synthesizing an enamine-based HTM termed "V950", which resulted in impressive power conversion efficiencies of 17.8%. 17 Hydrazone-based (-CH=N-NRR') HTMs can also be synthesized in a simple and clean condensation reaction, and have shown good performance as electron donor in organic photovoltaics and have potential as hole transporting materials in dye sensitized solar cells with high charge carrier mobilities and tunable thermal properties. [18] [19] [20] [21] [22] However, to the best of our knowledge, these materials have not been examined in perovskite solar cells.
In this work we explore the potential of a hydrazone-based HTM, synthesized using a simple and clean low-cost procedure, in perovskite solar cells and compare the optoelectronic properties to other HTMs prepared via condensation chemistry. We study the charge transporting properties and the effect of conductivity-enhancing additives. Our results show that the hydrazone-based HTM has good charge transporting properties, and shows photovoltaic performance close to state-of-the-art materials when used in planar heterojunction devices. Devices based on hydrazone HTMs have improved reproducibility, demonstrating the potential of simple condensation chemistry for organic electronic applications.
Synthesis
Scheme 1 │ Reaction scheme and molecular structure of EDOT-MPH. The hydrazone bond is highlighted and the estimated material cost is shown.
The hydrazine precursor 3 was synthesized following published procedures (Schemes 1 and S1), [23] [24] [25] and was directly used in the condensation reaction with dialdehyde 4, resulting in the hydrazone product (EDOT-MPH) ( Figure S2 ) which was obtained as a bright orange, crystalline powder ( Figure S1 and S2) in a near quantitative yield of 97%.
The material cost of the HTM was estimated following a procedure established by Osedach et al. and introduced to the field of HTMs for perovskites by our group. 7, 8 The estimated materials cost on a lab scale is $9.49 per gram for EDOT-MPH (details in the supporting information). In comparison, the material cost of Spiro-OMeTAD is estimated to be approximately 10 times higher. 8 The low cost of EDOT-MPH is ascribed to the simple chemistry that doesn't require expensive metal catalysts and with water as the only side-product, which simplifies the purification of the product. We found that especially purification via column chromatography is very costly. Additionally, as relatively few chemicals are required, this HTM can be considered more environmentally friendly. However, the major environmental concern of perovskite solar cells will be the toxicity of lead, for which several solutions are currently being explored. 14, 26, 27 For a better understanding of the environmental impact of organic materials, Sheldon introduced the term E factor, which is defined as kg waste per kg product. 28 For EDOT-MPH we calculated an E value of 400, while Spiro-OMeTAD has an E factor of 3600, clearly showing the difference in chemical waste from the synthesis between these materials on a lab scale.
Thermal properties
As solar cells can reach temperatures up to 80 °C under operational conditions, it is important that phase transitions of the materials are well above this temperature to ensure a good stability. Therefore the thermal properties were studied by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC).
The degradation temperature of EDOT-MPH was determined to be 255 ˚C (Table 1 and Figure S3 ), although this is relatively low for HTMs used in perovskite solar cells, it is well above the standard operating temperature of the solar cells. No glass transition (Tg) was observed by DSC measurements in the temperature range from 0 to 200 ˚C. While hot-stage microscope measurements revealed a melting transition of the material at 244 ˚C, which is well above the operation temperature of a solar cell. Apart
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of being a crucial requirement for the materials to be used as an HTM, high melting temperatures are beneficial as they indicate a close molecular packing of the molecule, which has shown to lead to good photovoltaic performance when the materials are used as HTM in perovskite solar cells.
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Optoelectronic properties
A good energy alignment between the highest occupied molecular orbital (HOMO) of the HTM and the valance band of the perovskite is important in order to obtain efficient hole extraction. We determined the HOMO energy from the oxidation onset obtained from cyclic voltammetry (CV) measurements ( Figure  2a ). The obtained value of −5.08 eV is slightly higher than Spiro-OMeTAD ( Figure 1b and Table 1 ). The lowest unoccupied molecular orbital (LUMO) energy level was determined by adding the bandgap to the HOMO energy level and resulted in a value of −2.7 eV. The high LUMO energy level is expected to result in an efficient electron blocking layer. To gain insights into the geometric and electronic structure of EDOT-MPH, density functional theory (DFT) geometry optimization (B3LYP/6-31G(d,p) level) were performed in vacuum and in dichloromethane (DCM) as the solvent, by means of the conductor-like polarizable continuum model (CPCM) as implemented in the Gaussian 09 program package (Figure 2 and S4) . Following the procedure published by Chi et al., 29 the highest occupied molecular orbital (HOMO) energy level was calculated to be −5.09 eV, which is in excellent agreement with the experimentally obtained value. Figure 2 shows that the HOMO is distributed over the core of the HTM and via the hydrazone bond to one of the phenyl rings on each side. The other phenyl ring is twisted out of the plane of the molecule, which explains why the HOMO is not localized there. The lowest unoccupied molecular orbital (LUMO) is mostly distributed on the core and the hydrazone-bond of the molecule. Additionally, the electron density mapping of the molecules was calculated as shown in Figure 2c ). The more electronegative part is indicated by the red colour while the more positive parts are blue. The results show a directional dipole within the molecule, that could assist in the formation of a close molecular packing, resulting in good intermolecular charge transport, as was pointed out in our recent work. 
Conductivity and mobility
Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) is a commonly used additive to assists in the oxidation of the HTM in order to increase to conductivity. 30 We studied the effect of adding LiTFSI to EDOT-MPH by recording its light absorption spectrum as a function of the additive concentrations (Figure 3 ). Upon addition of LiTFSI to EDOT-MPH, we observe the formation of one or more new species with absorption maxima at 660 and 740 nm. Upon increasing the LiTFSI concentration, the intensity of the new species increases, while the absorption of the pristine material bleaches. This indicates that EDOT-MPH is oxidized and forms an oxidized or double oxidized species which shows a red shifted absorption profile compared to the pristine material. In order to characterize the charge transporting properties, hole mobility and conductivity measurements were performed. "Hole-only" devices with a commonly used architecture were prepared to measure the hole mobility (indium-doped tin oxide (ITO)/MoOx/EDOT-MPH/MoOx/Au).
31,32 J-V curves were recorded in the dark, with the current assumed to be space-charge limited at higher voltages ( Figure S5 ). From this, the charge carrier mobility can be estimated using the Mott-Gurney equation. EDOT-MPH shows a hole mobility of 2.8 x 10 -5 cm 2 V -1 s -1 , which is comparable to the hole mobility measured for pristine SpiroOMeTAD, 33 and other azomethine-and hydrazone-based HTMs. 9, 22, 34, 35 Besides the mobility, the conductivity is an important parameter for charge transport. We measured the conductivity using interdigitating electrodes and studied the effect of oxidizing the HTM with LiTFSI. The initial conductivity is low (2 x 10 -8 S cm -1 ), but comparable to Spiro-OMeTAD. 30 Upon addition of LiTFSI, a clear increase in conductivity is observed which seems to plateau at around 25 mmol LiTFSI/L at a conductivity of 2 x 10 -3 S cm -1 . At a LiTFSI concentration of 12 mmol/L ( which is later used for preparing the hole transporting layer in perovskite solar cells) the conductivity of EDOT-MPH is comparable to that of Spiro-OMeTAD containing 18 mmol LiTFSI /L . 30 Based on these results, a good charge transport to the electrode is expected when EDOT-MPH is used as HTM in a perovskite solar cell, which will minimize the series resistance.
Photovoltaic properties
The photovoltaic properties of a perovskite device containing EDOT-MPH as HTM were studied by preparing planar perovskite solar cells (Figure 4 , S6 and S7) and were tested under ambient conditions. As perovskite absorber, the standard methylammonium lead iodide (MAPbI3) and the more recently introduced high performance perovskite (FA0.79MA0.16Cs0.05)Pb(I0.83Br0.17)3 (FAMACs) were used. [36] [37] [38] The deposition of EDOT-MPH was optimized for spincoating from a chloroform/chlorobenzene (1:4 ratio) solution at 40 °C resulting in a film thickness of approximately 100 nm (Figure 4b ). Similarly to previously studied small molecules accessed via condensation chemistry, also this material shows to have good film forming properties, which allows the preparation of relatively thin homogeneous films. 9 In contrast, small molecules synthesized via cross-coupling reactions often show their best performance with relatively thick layers (200 -300 nm), 6, 39 which requires more material and thereby further increases the cost. The high quality of our HTM layer furthermore results in a relatively narrow distribution of the photovoltaic performance, especially when compared to Spiro-OMeTAD (Table 2) . Additionally, high quality films show an improved stability and due to the lack of pinholes also function as a moisture barrier. 9 Devices comprising FAMACs as perovskite absorber show a better performance than those with MAPbI3. However, the same trends in photovoltaic performance were observed when EDOT-MPH was used instead of Spiro-OMeTAD ( Figure 4 , Table S3 ). With EDOT-MPH as hole transporter, higher FFs are obtained while the Jsc is slightly sacrificed. The Voc however is significantly lower than devices comprising Spiro-OMeTAD. This loss might partly result from the higher HOMO energy level of EDOT-MPH, but could also hint to a higher interfacial charge recombination and/or slow charge carrier injection. 40 Despite the lower Voc, the average PCE of the devices comprising EDOT-MPH is comparable to those with SpiroOMeTAD, and even shows to be slightly higher for EDOT-MPH when combined with MAPbI3. Also the stabalized power output shows to be very comparable ( Figure S8 ). The high average PCE is mainly attributed to the narrow distribution in performance when EDOT-MPH is used. 
Time resolved photoluminescence
Time resolved photoluminescence (TRPL) has been used to study the lifetime of the charge carriers and their recombination dynamics in a perovskite/HTM bilayer. The decays were acquired using timecorrelated single-photon counting (TCSPC) technique.
Steady state photoluminescence spectra of the MAPbI3/HTM films show a single emission peak with a maximum around 770 nm, which is significant lower compared to a pristine MAPbI3 film. Especially EDOT-MPH shows a strong reduction of the PL intensity, which indicates a fast hole injection from the perovskite to the HTM and/or significant interfacial recombination.
PL decay measurements of bilayers consisting of MAPbI3/EDOT-MPH and MAPbI3/Spiro-OMeTAD were obtained at the same acquisition time ( Figure 5 and S9). The initial rise in the PL intensity is slightly lower for EDOT-MPH, which has been linked to a fast hole injection. 41 However, EDOT-MPH shows a significant faster decay, implying a higher recombination of the charge carriers, which may account for the lower open-circuit voltage and hence lower device efficiency. These results are very comparable to our recently studied azomethine-based HTM, EDOT-OMeTPA, where also a fast charge injection in combination with a high interfacial recombination was observed. By tuning the molecular structure, the HOMO energy level can easily be fine-tuned, which is expected to result in a higher Voc. 9 Further tuning of the molecular structure could also improve the interface between the perovskite and the HTM to reduce interfacial charge recombination. By increasing the Voc, it is likely that hydrazone-based materials can outperform devices comprising Spiro-OMeTAD as a result of the good reproducibility. We therefore believe that hydrazone-based materials have a high potential, especially since materials prepared via condensation chemistry can be produced at significant lower cost.
Conclusions
In conclusion, we introduce a new class of HTMs that are based on a hydrazone-backbone to the field of perovskite solar cells. Our hydrazone-based HTM, EDOT-MPH, is prepared via a simple and clean condensation reaction in which water is the only side product, resulting in a low cost and low environmental impact. EDOT-MPH shows charge transporting properties that compete with current stateof-the-art materials. When applied in perovskite solar cells, a small loss in Voc is observed which likely originates from an unoptimized energy alignment and interfacial recombination. Nevertheless, the average PCE is comparable to devices comprising Spiro-OMeTAD, mainly as a result of the excellent reproducibility which is linked to the high quality of the HTM layer. These results demonstrate that hydrazone-based HTMs can be produced at a fraction of the cost of current state-of-the-art materials while their performance shows the potential to outperform them.
Synthesis details:
1,1-bis(4-methoxyphenyl)hydrazine, 3,4-ethylenedioxythiophenedialdehyde 1,1-bis(4-methoxyphenyl)hydrazine (0.33 g, 1.35 mmol, 2.3 eq) was dissolved in 10 mL CHCl3. To the red solution, 3,4-ethylenedioxythiophenedialdehyde (0.12 g, 0.59 mmol, 1 eq) and one drop trifluoroacetic acid (TFA) were added and the mixture was stirred overnight at room temperature. After that, the reaction was heated to reflux for 4 hours and methanol (50 mL) was added afterwards, causing a white precipitate and a brown solution. Adding 0.1 mL trimethylamine (TEA) resulted in an immediate change of the colour of the suspension to bright orange. The product was filtered off as a bright orange powder and dried under vacuum. Yield: 0. 
